Noelins are secreted glycoproteins with important developmental functions in frogs and birds. Here, we present the expression pattern of the mouse homolog of Noelin-1/2 at E8-10 of development and compare this pattern to other vertebrates. Expression was observed in the neural plate and neural crest, as well as in the cranial ganglia. Later, expression is prominent in brain tissue and in the zone of polarizing activity in the limb. q
Results and discussion
Noelin-1 encodes a secreted protein with apparently divergent functions in different vertebrates. In chick, overexpression of Noelin-1 prolongs neural crest emigration from the cranial neural tube (Barembaum et al., 2000) whereas the Xenopus homolog promotes premature neurogenesis (Moreno and Bronner-Fraser, 2001 ). Noelin-1 has sequence similarity to a number of large, secreted proteins including olfactomedin (Snyder et al., 1991) , MYOC, a locus involved in open angle glaucoma (Kubota et al., 1997; Stone et al., 1997; Nguyen et al., 1998) , latrophilin, the calcium-independent receptor of a-latrotoxin (also known as CIRL; Davletov et al., 1996; Krasnoperov et al., 1997) , and the newly identified secreted factor Tiarin (Tsuda et al., 2002) suggesting that these proteins may comprise a large gene family (Barembaum et al., 2000; Kulkarni et al., 2000; Moreno and Bronner-Fraser, 2001 ).
Noelin-1 mRNA distribution differs between chick and frog, with expression in the neural plate and neural crestforming regions in the former but only in post-mitotic neural cells of the neural tube, cranial ganglia, and eye in the latter. In mammals, Noelin expression has only been examined at post-natal stages, revealing high expression in the brain (Danielson et al., 1994; Nagano et al., 1998) . Despite differences in expression pattern between frog and chick embryos, the degree of protein similarity makes it likely that these are true homologs. Mouse Noelin-1 shares 96% identity with the chick homolog and 93% identity with the frog. Thus, examining Noelin expression in the developing mouse is an important step in understanding possible evolutionary changes in Noelin deployment.
In order to determine the commonality of Noelin expression patterns across vertebrate species, we have examined the early expression of Noelin-1 in the mouse embryo. The probe used in this study recognizes a C-terminal region common to both Noelin-1 and -2 and will henceforth be referred to as Noelin-1/2. Previous studies suggest that these two splice variants are functionally similar (Barembaum et al., 2000; Moreno and Bronner-Fraser, 2001 ). The mouse Noelin cDNA was obtained by reverse transcriptasepolymerase chain reaction (RT-PCR) using the known rat genomic sequences (Danielson et al., 1994) and was identical to the C-terminus of mouse Noelin-1 and -2 isoforms (also known as Pancortin-1 and -3, GenBank accession numbers BAA28765 and BAA28767, Nagano et al., 1998) .
The spatiotemporal expression pattern of mouse Noelin-1/2 was determined by in situ hybridization. In the head of mouse cup-shaped embryos at embryonic day 7.5 (E7.5, advanced primitive streak stage), Noelin-1/2 was expressed in the cranial neural plate as well as weakly in the allantois and strongly in the amnion (Fig. 1A) . Further caudally, Noelin-1/2 was also found in the developing neuroepithelium where the neural folds will eventually form (arrowhead, Fig. 1B Head-fold region of neural plate is positive for Noelin-1/2 (arrow) as is some head mesenchyme (asterisk). (E) First branchial arch region with staining in head folds, pharyngeal endoderm (arrowhead) and head mesenchyme (asterisk). (F) Caudal neural plate region. Neural plate and ectoderm (arrows) are Noelin-1/2-positive, as is some lateral mesoderm (asterisks). All, allantois; am, amnion; ba, first branchial arch; ect, ectoderm; em, extraembryonic mesoderm; end, endoderm; fb, prospective forebrain; fg, foregut diverticulum; hb, prospective hindbrain; mes, mesoderm; no, notochordal plate; np, neural plate. At E8 (unturned embryo with six to eight somite pairs), neural tissue continued to express Noelin-1/2 (Fig. 1D) . Transverse sections through cranial levels revealed staining in the neural plate, head mesenchyme and pharyngeal endoderm (Fig. 1D-F) . Notably, expression in the hindbrain was stronger than in the forebrain (e.g. compare fb and hb in Fig.  1D, E) . Caudally, the neural plate as well as parts of the mesoderm also contained Noelin-1/2 transcripts (asterisks, Fig. 1F) .
By E8.5 (turning embryo with 10-12 somite pairs), Noelin-1/2 stained cranial neural crest cells. The pre-otic neural crest expressed transcripts (arrow, Fig. 2A ). Pharyngeal endoderm continued to stain for Noelin-1/2 (asterisk). At the hindbrain/otic vesicle level staining was observed in the neural crest cells (Fig. 2B, arrow) although the otic placode displayed no expression (Fig. 2B, arrowhead) . At this stage, expression of Noelin-1/2 in the closing neural tube appeared lower levels than at the earlier stages (compare with Fig. 1) . The ectoderm adjacent to the pharyngeal pouches (epibranchial placode area) contained Noelin-1/2 signal (Fig. 2B) as did the post-otic neural crest cells (Fig. 2C) .
At E10 (approximately 30-35 somite pairs), mouse embryos expressed Noelin-1/2 in the cranial ganglia, dorsal root ganglia, brain and limb. The olfactory placode and trigeminal (V), geniculate (VII), petrosal (IX) and nodose (X) ganglia expressed Noelin-1/2 (Fig. 3A-C, H, I ). Dorsally, Noelin-1/2 was found in the neural tube extending from the midbrain caudally through the embryo (Fig. 3C ). In the limb buds, Noelin-1/2 expression was observed in the posterior region (i.e. the of zone of polarizing activity; ZPA, Fig. 3D, G) . In addition to the cranial ganglia and neural tube, Noelin-1/2 expression was also observed in the branchial arches (Fig. 3B, arrowheads) . Staining in the neural tube was confined to the marginal zone where differentiating cells reside (Fig. 3E, F) .
We next compared the distribution of Noelin-1/2 transcripts among mouse, chick and frog embryos. Mouse Noelin-1/2 is expressed in the early neural plate and ectoderm, and as development proceeds, in brain, some cranial placodes, cranial neural crest and pharyngeal endoderm. Later, it is found in marginal zone cells of the neural tube, cranial ganglia and dorsal root ganglia. In contrast, frog Noelin-1/2 is expressed only in post-mitotic neural tissues (cranial ganglia, eye, and neural tube), but not observed in the neural crest or neural plate ( Fig. 4A-D ; Moreno and Bronner-Fraser, 2001 ). Furthermore, chick Noelin-1/2 is expressed in the early neural plate and neural crest with a broader expression than that observed in the mouse or frog ( Fig. 4F-H ; Barembaum et al., 2000; Moreno and BronnerFraser, 2001) . Expression is also detected in migrating neural crest in the trunk, which we did not observe in mouse embryos. Interestingly, limb staining in chick embryos is found in the anterior limb bud (Barembaum et al., 2000) , in sharp contrast to the posterior staining we observed in mouse limb buds (Fig. 4G, H) .
In conclusion, we have shown that Noelin-1/2 is divergently expressed in vertebrates. Of the vertebrates examined the chick embryo reveals the greatest amount of neural crest staining, whereas the mouse embryo has an intermediate level of neural crest staining, and the frog embryo has none. Mouse and chick share Noelin-1/2 expression in the cranial placodes, but frogs do not. Common to all three species is the later expression in differentiating neural tissues in the spinal cord, brain, and cranial ganglia. Noelin isoforms are a dynamic group of proteins that play multiple roles in neural development. Further studies in the mouse where genetic ablation is possible promise to uncover important information regarding the role of Noelins in mammalian neural development.
Experimental methods and procedures
2.1. Cloning and sequencing a partial mouse Noelin-1 A partial exon of the C-terminus of mouse Noelin was isolated by RT-PCR. The subclone was generated using upstream primer 5 0 -CAG AAG GTG ATA ACC GG-3 0 and downstream primer 5 0 -CAG CGC GCG GTC TTT AG-3 0 to amplify a 616 base pair fragment of the Z exon from embryonic day 10 cDNA (Moreno and BronnerFraser, 2001 ). DNA and protein analysis were performed using DNAstar Sequence Analysis software, and compared by BLAST searching (Altschul et al., 1990) .
Embryo collection and whole mount in situ hybridization
Embryos were obtained from timed matings of c57/bl6J mice (Jackson Labs). Whole mount in situ hybridization was performed as described (Henrique et al., 1995) . Embryos were embedded for cryosectioning in 7.5% gelatin/15% sucrose and were sectioned on a cryostat at 15 mm. Embryos to be sectioned in wax were embedded in Paraplast Plus at (Oxford) and sectioned on a Leitz microtome at 10 mm.
